showed 27 complications, with 18 of them requiring a second intervention [3] . The most common complications were nonunion of the bone, loosening of the implant, breakage of the implant or an additional bone fracture. The objective of this study is to understand the failure mechanism of a specific LCP that failed prematurely.
The studied system is composed of a LCP fixed to a broken femur using both locking and compression screws. A picture of the broken implant is shown in Fig. 1 . The distal extremity is situated closer to the knee and on the opposite side, the proximal extremity is closer to the hip. The failure analysis of the LCP was performed in 3 steps: material characterization (Section 4.1), fractographic analysis (Section 4.2), and preliminary finite element analysis (FEA) of the stresses seen by the implant (Section 5). A discussion explaining the failure mechanism and the root causes of failure is proposed in Sections 6 and 7.
Circumstances of failure
The implant studied is a 242 mm long plate with 10 combi-holes ( Fig. 1 ). It was installed on the distal left femur of a male patient. The same type of implant was also installed on the proximal extremity of the tibia, since the patient additionally suffered from a tibia fracture. This second implant, which remained intact, is not investigated in the present study. The postoperative LCP installation of the femoral implant is shown on the radiograph of Fig. 2a . A total of 3 locking screws (LS) and 2 compression screws (CS) were used to fix the implant to the femur proximal extremity. Following an unexpected fall of the patient, the system failure was revealed by radiography, as shown in Fig. 2b . Removal of the implant confirmed the implant failure and the failure of one locking screw (LS#3) and one compression screw (CS#1). The postoperative incident occurred less than 2 years after the initial surgery.
Experimental procedure
According to the provided information, the plate was manufactured from 316L stainless steel [4] . Chemical analysis, metallographic observations and hardness tests were performed to validate this information. The plate was first cut into samples according to the schematic drawn in Fig. 1 . An optical spectrometric analysis of sample #2, based on ASTM E1086-08 [5] , was conducted to characterize the implant chemistry. Sample #7a was polished and etched with a solution composed of 150 mL of distilled water, 50 mL of HCl and 50 mL of HNO 3 , for 90 s to reveal the material microstructure. Sample #7b was used to perform Rockwell C hardness measurements according to ASTM E18-15 [6] . The fracture surfaces were observed using a binocular and a scanning electron microscope (SEM). Finally, a finite element analysis was performed using the Altair HyperWorks suite.
Experimental results

Material characterization
Chemical analysis
The measured chemical composition of the studied LCP is shown in the second column of Table 1 . According to ASTM standard F138-13a [7] , this composition meets the requirement for a 316L stainless steel, as shown in the third column of Table 1 . 316L stainless steel is typically used to manufacture surgical implants [8] .
Microstructural analysis
Stainless steel 316L has an austenitic microstructure. The grains observed in Fig. 3a are elongated in the longitudinal direction (L) of the implant indicating that the material was plastically deformed. The amount of plastic deformation could not be accurately evaluated from Fig. 3b , but a similar microstructure was found to characterize a 50% cold-worked state [8] . The amount of plastic deformation is necessary to give an estimation of the mechanical properties (see Section 4.1.3).
Mechanical properties
An average hardness of 33.4 HRC was measured. Such a hardness value characterizes 30-60% cold-worked 316L stainless steel [9] . Beside hardness, no mechanical properties were experimentally obtained because of the limited implant size. However, an estimation of the mechanical properties is proposed in Table 2 according to ASTM F138-13a [7] and to ASM Handbook [10] .
Yield and tensile strengths are minimal values of mechanical properties given by the ASTM standard. The material studied could have higher strengths, according to typical values for 316L used in biomedical application [9] .
According to ASM Handbook [10] , the 10 7 cycles fatigue limit with a fully reverse loading conditions (stress ratio, R = s min / s max , equals to À1) is 256 MPa. The actual cyclic stress condition during walking is closer to a unidirectional loading, R = 0 [11] . Therefore, a Goodman diagram was plotted to calculate the 10 7 fatigue limit at R = 0, which is s max = 394 MPa. These mechanical properties will be used to comment the finite element analysis performed in Section 5. Fig. 1 shows that the fracture occurred on a plane perpendicular to the implant L axis. Making the assumption that the crack propagated in mode I, this indicates that the principal stresses are longitudinal. The implant fracture surfaces are shown in Fig. 4a and b. Beach marks indicating the direction of crack propagation are visible on both surfaces, Fig. 4c and d. These features are specific to fatigue failure. Propagation lines are also visible and converge to the crack initiation site represented by a red dot. One can notice that fatigue initiated from the implant upper surface at the circumference of a combi-hole. The visual examination of the ruptured section ( Fig. 4c ) yields that the crack propagated by fatigue on more than 85% of the fracture surface, which corresponds approximately to the blue beach mark line. On the other side ( Fig. 4d ), beach marks were only observable on approximately 30% of the fracture surface. The broken screws fracture surfaces were also briefly analyzed, Fig. 4e and f. The presence of beach marks clearly indicated fatigue failure. This shows that both the implant and the screw failed progressively and over several loading cycles of low stress amplitude. Fig. 4g and h, respectively taken at 2 and 4.5 mm away from the initiation site of Fig. 4d , show fatigue striations. It confirms that the crack propagated trough the implant over nearly 85% of its thickness. The spacing between fatigue striations also gives an indication of the crack growth rate. The larger striation spacing in Fig. 4h (higher crack growth rate) confirms that the crack propagated from the upper surface toward the bone surface.
Failure analysis
Visual examination
Scanning electron microscopy
At crack initiation site, two surface discontinuities are observed ( Fig. 4i) . A thread root, also concentrating the stress, is observed at the bottom of Fig. 4i . Surprisingly, the crack did not initiate at the root of a thread or at the largest surface discontinuity. The propagation lines rather converge toward a smaller depression, less than 10 mm deep. It was not possible to confirm that this depression coincides to a contact point between the screw head and the implant. It has a size comparable to machining marks also observed on the inner surface of the compression hole.
Finite element analysis
The previous section presented the mechanical properties associated with the implant material and showed fatigue failure evidences by fractographic analysis. In Section 5, it will be attempted to precise the loading conditions responsible for failure with a finite element analysis.
Several orthopedic studies use finite element analysis to simulate the stresses in medical devices, such as for the intramedullary nail [12] . Some are comparing the efficiency of LCP versus nail [13, 14] and others are proposing simple refinements of the geometrical aspects of the LCP [15] . Another study uses FEA results to suggest installation principles to better control the stability of the system [16] . In most of these simulations, the body weight is simply applied axially on the femur as an input. In the presented finite element analysis, more complex forces are input to simulate the stresses developed during a gait cycle. Loadings are based on a motion capture analysis performed in laboratory, as will be explained in Section 5.1.
Modeling and analysis
The geometry of the modeled system is represented in Fig. 5a -c. It is composed of 6 parts assembled together: the LCP along with its 8 locking screws (1 part), the 2 femur parts, and 3 compression screws.
The femur cortical bone is modeled as a cylinder with average human femur dimensions, i.e. 27 and 13 mm for the external and internal diameters respectively [17] . The cancellous part of the bone has not been modeled. It is represented by an empty area inside the cortical bone. The bone Young modulus (7 GPa) and Poisson's ratio (0.3) have been adopted from the results of flexion tests performed by Cristofolini et al. [18] . As far as the implant and screws properties are concerned, a Young Modulus, E, of 192 GPa, and a Poisson's ratio, y, of 0.3 were used, which are typical of steel. Minimum as per ASTM F138 [7] 690 MPa [7] 860 MPa [7] ---Typical values from literature 1000 MPa [9] 1240 MPa [9] 192 GPa [10] 394 MPa [10] 112 MPa m 1/2 [10] The geometry of the bone and plate were meshed using 5 and 3 mm linear tetrahedral elements respectively (Fig. 5d) . A refined mesh of 1 mm was applied in highly stressed regions to increase results accuracy. The screws were meshed using 2 mm hexahedral elements.
To simulate the action of the compression screws, a preload of 1000 N was applied in screws CS#1 and CS#2 which corresponds approximately to an installation torque of 4 N m. This installation torque is proposed by the manufacturer [4] . On the femur proximal extremity (hip region), boundary conditions of clamping were imposed (Fig. 5d ) as previously used in the literature [13] . The working load itself (applied on the distal extremity) needed to be representative of the main activity performed by the patient between surgery and implant failure, which is walking. To obtain the characteristic loads and moments, a gait analysis of the patient was performed in the research laboratory of Marie Enfant rehabilitation center, equipped with a motion capture system composed of 12 cameras (T40S, Vicon-Oxford, UK). This analysis was approved by the Research Ethics Board of Ste-Justine Hospital (CÉ R-CHU-SJ#4161). Results obtained were forces and moments at knee as a function of time during gait cycles. The average values over 3 cycles are comparable with results found in the literature [19] . The moments (M e , M v , M t ) and force (F) applied to the model are reported in Table 3 . They characterize the maximum resultant moment and force recorded during the gait cycles. This typically occurs at 25% of a gait cycle. They were applied on the distal extremity of the femur, in the middle of the condyles with rigid bodies (knee region) as shown in Fig. 5d . The gait analysis confirmed that the minimum moments and forces are close to zero confirming the loading hypothesis R = 0, proposed in Section 4.1.3. 
Numerical results
After processing, the stresses distribution within the implant was obtained (Fig. 6 ). The maximum stress is located at the circumference of the hole closest to the bone fracture. Moreover, the stress is higher on the upper plate surface, which is specific to the bending load imposed. The displacement analysis demonstrates the effect of the bending moments in two planes: coronal and sagittal, shown by the two views of Fig. 6 .
Surprisingly, the hole where the Von Mises stress is maximum is not the location where the crack initiation site was observed in the fractographic analysis of Section 4.2. Fig. 1 (real case) shows that the fracture occurred in the fourth combihole, whereas Fig. 6 (model) shows that the highest stress is in the third combi-hole, both counted from the distal extremity. This is probably due to the limitations of the finite element analysis. It was difficult to model the complex bone fracture and the boundary conditions of forces application. The latter should represent the muscle attachments to the bone, which was not considered in this preliminary finite element analysis.
From a general point of view, Fig. 6 still demonstrates that the failure occurred in a highly stress region. Moreover, the principal stress vector is parallel to the implant longitudinal axis which confirms mode I crack opening. Overall, this qualitative stress evaluation indicates that walking produces the necessary loading conditions to initiate and propagate a fatigue crack in the area close to the fracture. Nevertheless, further modeling considering nonlinear contacts between the parts and stress raisers such as threads is needed to quantitatively compare the finite element analysis with the material properties. A discussion on this topic is proposed in Section 6.
Description of the failure mechanism
The obtained results distinctly showed that the screws and the implant failed by fatigue. The fracture initiation site was properly identified by fractographic observations. The numerical analysis (FEA) demonstrated that walking alone creates a stress distribution that can explain crack initiation and propagation from the circumference of a hole.
In this section, the mechanical properties of stainless steel 316L (see Section 4.1.3) will be used to estimate the stress necessary to initiate the fatigue crack and to cause the implant final failure. The key mechanical properties used in these calculations are the maximum stress characterizing a fatigue life for 10 7 cycles at R = 0, s max = 394 MPa, and the material toughness, K c = 112 MPa m 1/2 . But before, the number of cycles that could have caused fatigue crack propagation will be established based on the patient activity in order to verify that failure occured in the high-cycle fatigue regime.
Number of cycles to failure
To support the crack initiation stress calculations based on the maximum stress at 10 7 cycles (see Section 6.2), the number of loading cycles (N) representative of the patient activity is first estimated. Knowing the elapsed time between implant installation and failure (2 years) and the type of activity (walking) a very simple calculation is proposed. According to Tudor-Locke et al. [20] , the typical average number of steps during a day is 4,500 when the activities are restrained. This corresponds to 2,250 cycles per leg and sums up to 1,642,500 cycles if we consider that the patient walked every day during 2 years (2,250 cycle/day Â 365 days/year Â 2 years). This number is in the range of high-cycle fatigue but below 10 7 cycles as will be discussed in Section 6.2. 6 . Displacement (scale factor of 3) and Von Mises stress on the implant shown in the coronal and sagittal view.
Crack initiation stresses
It was previously determined that the crack nucleated from the upper plate surface and propagated through the thickness under the effect of repeated bending stresses. The crack initiation stress can be approximated by a semi-log relationship of the type:
where C and D are material constants. To calculate s max for 1,642,500 cycles using Eq. (1), failure at 0 cycle characterized by s max = S ut min = 860 MPa and failure at 10 7 cycles characterized by s max = 394 MPa were used. The maximal stress (crack initiation stress) obtained using this methodology is 446 MPa. According to the hypothesis that walking caused fatigue failure, this should be the maximum stress developed during a gait cycle. To avoid fatigue crack initiation in the implant, the maximum cyclic stress should be below 394 MPa that characterizes ''infinite'' life.
Final failure stress
The final failure stress was also examined to evaluate if it is representative of walking or not. Based on the final crack size and on the material toughness, K C , reported in Table 2 (112 MPa m 1/2 ), the remote bending stress that caused the component final failure (S b ) is calculated using Newman and Raju [21] Eq. (2) for two symmetric corner cracks at a hole:
with all the variables defined in Table 4 . It must be mentioned that Newman's equation is based on the hypothesis that the two surfaces on each side of the hole have the same area. Nevertheless, the failure surface studied is not fully symmetric as shown in Fig. 4a and b . The critical stress calculated, S b , is 1040 MPa which is higher than the minimum ultimate tensile strength, S ut min , of 860 MPa, but between the typical yield (1000 MPa) and tensile strength (1240 MPa) of the material. It is also much higher than the maximum stress characterizing a gait cycle. This indicates that the weakened section failed by tensile overload, which is consistent with the fact that the patient fell. The final failure of the implant was caused by a sudden overload.
Root causes of the failure
The analyzed fatigue failure was most probably caused by walking. This premature failure is the consequence of highcycle fatigue. No hole surface or material discontinuity were observed at the crack initiation site. Nevertheless, the stresses developed during a gait cycle were apparently high enough to cause failure in less than 2 years. From an engineering point of view, the implant design and installation procedure could be reviewed to reduce the stress concentration.
The implant has numerous stress raisers. For a generic plate, disposing of many holes gives installation versatility to the surgeon but limits the load capacity of the system. Moreover, many holes are not used during the installation, but act as stress raisers when the implant is exposed to the loads.
In addition, the installation method seems to be only optimized according to medical purpose, such as the preservation of blood supply by limiting the contact pressure of the plate with the bone. This limits the preload applied on the screws which is detrimental to fatigue. It is well known that to fully protect a fastener from fatigue failure a prestress higher than the maximum cyclic stress should be applied [22] . Nevertheless the bone resistance must also be considered when choosing the preload. Poor bone condition can induce loosening of the screws and potentially increase the amplitude of the cyclic stresses.
The surgical point of view also needs consideration. The choice of the implant geometry and dimensions will affect the stresses. The plate span width, which corresponds to the ratio between the plate length and the fracture length, is a key parameter. For a comminuted fracture, the plate span width needs to be higher than 2 or 3 [23] . In the studied case, it is approximated 3, respecting the recommended value. The patient body mass index and its activity level are also parameters that could potentially affect the stresses and the failure mechanisms. The implant studied was installed on a patient with a body mass index of 32.2 (North American average is in the range of 26.6) and with low level of activity since he was still recovering from a surgery. Finally, the fall of the patient does not explain the premature implant failure even if the final failure occurred at this moment. An intact implant should have been able to sustain the exceptional loading caused by a fall. The failure occurred because of the weakened section due to high-cycle fatigue.
Conclusion and recommendations
The present work allowed describing the complex fatigue failure of a bone-LCP assembly. According to a finite element analysis and to an estimation of the number of fatigue cycles, walking was enough to induce fatigue damages. The stress variation needed to initiate and propagate the fatigue cracks within the screws and the implant were estimated to be in the range of 400 MPa at R = 0. The implant geometry and the uncontrolled preload are possible causes of stress concentration. Nevertheless, final failure was probably caused by the fall of the patient since the critical failure stress was higher than the minimum ultimate tensile strength, S ut min and close to the typical ultimate tensile strength, S ut typ .
In future work, careful attention will be given to the geometric stress raisers characterizing the implant. It will be intent to propose a new implant design more resistant to fatigue without compromising the installation versatility. In addition, an extended study will be necessary to investigate if the bolting procedure can be improved in order to reduce the cyclic load amplitude experienced by the screws and plate. An optimization analysis accounting for the number of screws, their position and their preload are under development. The ideal installation scenario will then be proposed to practitioners to assist surgery.
